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Quasielastic (p ,n) reactions on sd- and f -shell nuclei were studied at an incident proton energy of 35 MeV.
Differential cross sections for isobaric analog DJp501 ~Fermi-type! transitions and their angular distributions
were measured in 13 N.Z target nuclei ranging 17<A<48, 17,18O, 22Ne, 25,26Mg, 27Al, 30Si, 34S,
38,40Ar, and 42,44,48Ca. Pure DJp501 Fermi-type transitions were observed in six of them. As for the other
seven nuclei, contributions from mixed DJpÞ01 components or those from unresolved transitions were
evaluated by microscopic distorted-wave Born approximation ~DWBA! calculations to subtract them from the
raw data and extract pure Fermi-type transition strengths. Thus a total of 13 DJp501 angular distributions
was fitted by macroscopic DWBA calculations with a Lane-model optical potential to derive systematically the
isovector part of the potential. The best-fit parameters for each target are presented. A-dependent global
parameters were obtained from these best-fit parameters by a least-squares fit. @S0556-2813~97!04408-7#
PACS number~s!: 25.40.Ep, 27.20.1n, 27.30.1t, 27.40.1zI. INTRODUCTION
Analog transitions have been studied for N.Z nuclei
with isospin T05(N2Z)/2, for which the (p ,n) reaction
excites final states with T5T0 as well as those with T5T0
61. The T5T0 states, having a similar nature to the parent
state, are referred to as isobaric analog states ~IAS’s!. The
(p ,n) transition to the ground-state analog is regarded as
elastic scattering with the isospin z component flipped and is
hence sometimes called quasielastic scattering. It corre-
sponds to Fermi-type b decay. Quasi-inelastic scattering,
those to excited state analog states ~EAS’s! such as 21,
32, and 41, have also been observed.
The Lane-model optical potential is often used in macro-
scopic distorted-wave Born approximation ~DWBA! analy-
ses of the quasiscattering. It is expressed as @1#
U~r !52U0~r !1~4/A !U1~r ! tWTW 1Uso~r !
1~1/22tz!Vc~r !, ~1!
where tW(TW ) is the projectile ~target! isospin, Uso is the spin-
orbit potential, and VC is the Coulomb potential. The isospin
dependent ( tWTW ) term yields t1T2 , t2T1 , and tZTz , cor-
responding to (p ,n), (n ,p), and (p ,p) or (n ,n) reactions,
respectively. Then the (p ,n) quasiscattering takes place
through the term
Upn~r !5~2/A !AN2ZU1~r !. ~2!
The isovector potential U1 is usually parametrized in terms
of standard Woods-Saxon forms as560556-2813/97/56~2!/900~8!/$10.00U1~r !5V1 f ~xR!24iaIW1
d
dxI
f ~xI!,
f ~x !5~11ex!21, x5~r2Ri!/ai ,
Ri5riA1/3 ~ i5R or I !. ~3!
In a macroscopic treatment, V1 and W1 in Eq. ~3! are depen-
dent on energy and mass, and are directly determined by the
strength of the ground-state analog transition. In a micro-
scopic treatment, on the other hand, the analog transition
takes place through the isospin-dependent part ~tt! Vt f (r) of
the effective interaction, which is derived from G-matrix el-
ements based on the free nucleon-nucleon interaction.
Knowledge of Upn gives measures of the strengths of the
quasi-inelastic scattering leading to excited analog states
@2–4# as well. Recently, particular attention has been paid to
the isovector potential strength. It plays a dominant role for
coupling between the giant isovector monopole state and the
isobaric analog state, yielding a spreading width for the latter
@5#. Studies of Fermi-type transitions to the IAS by the
(p ,n) reaction present a good place to explore this potential.
Carlson and his collaborators reported @6# a systematic opti-
cal model analysis of quasielastic (p ,n) reactions at 22.8
MeV on 29 nuclei ranging from 9Be to 208Pb. They derived
U1 for each target nucleus and gave a smooth parametriza-
tion of the best-fit parameters in U1 for all the nuclei inves-
tigated. However, their data and analysis were limited by
experimental conditions and the theoretical treatment of
mixed analog transitions.
(p ,n) reactions available for a study of pure Fermi-type
transitions in sd- and f -shell nuclei have been limited to a900 © 1997 The American Physical Society
56 901ANALOG TRANSITIONS IN sd- AND f -SHELL . . .few cases so far. In a medium and heavy nucleus, the IAS is
located in a high enough excitation energy region where con-
tributions from nearby states may be regarded as continuum
backgrounds. However, significant contaminations to the
Fermi transition come from closely located discrete levels in
light nuclei. A typical example is 18F, whose IAS is located
within 184 keV of the 31, 51, and 02 states. For an odd-
mass target nucleus, several DJp components can be mixed
in the transition to the IAS, even if it is an isolated state.
Investigation of the (p ,n) reaction at 35 MeV with high-
FIG. 1. Sample excitation energy spectrum of neutrons leading
to the low-lying states in 27Si following the 27Al(p ,n)27Si reaction
taken at 3° with a flight path of 44.3 m. Energy per bin is 25 keV.
FIG. 2. Differential cross sections for neutrons leading to the
ground state of 17F. The curves are DW results for the
5/21!5/21 transition for each DJp. The line denoted by ‘‘Macro
IAS’’ is the macroscopic calculation using the isovector potential
with the best-fit parameters obtained in the present study. The line
denoted by ‘‘SUM-1’’ shows the sum over microscopic predictions
for all DJp including a DJp501 Fermi-type transition, while that
denoted by ‘‘SUM-2’’ shows the same except that the DJp501
calculation is replaced by ‘‘Macro IAS.’’resolution experiments @7–10#, together with well-
established effective nucleon-nucleon interactions and re-
cently advanced shell-model one-body-transition-densities
~OBTD’s!, allows us to evaluate DJpÞ01 components theo-
retically and makes it possible to find the DJp501 Fermi-
type component separately for a number of (p ,n) reactions
on sd-shell nuclei. In Ref. @10# we have explained success-
fully the differential cross sections for the composite peak
corresponding to the IAS, and the 31, 51, and 02 states in
18F by a sum of macroscopic DWBA predictions for the
01!01 Fermi-type transition and microscopic DWBA pre-
dictions for the other transitions. Similarly the 5/21!5/21
transition in the 17O(p ,n)17F~g.s.! reaction could be decom-
posed to DJp501 – 51 components in Ref. @10#. It was also
found that microscopic DWBA analyses successfully repro-
duce absolute values of the (p ,n) cross sections between 20°
and 90° for most DJp521, 31, and 51 transitions observed
in 22Ne, 24Mg, and 34S @7–9#. Systematic microscopic
analyses of the data were reported in these papers using
Brown-Wildenthal ~BW! wave functions @11#, for which a
stringent test with the charge-exchange reaction has been
carried.
In this paper we extend our previous work of Refs. @7–10#
and discuss the isovector part of the Lane potential based on
experimental data of (p ,n) reactions at Ep535 MeV on a
variety of target nuclei ranging 17<A<48, namely, 17,18O,
22Ne, 25,26Mg, 27Al, 30Si, 34S, 38,40Ar, and 42,44,48Ca.
II. EXPERIMENTAL PROCEDURE
The experiment was performed at the Cyclotron and Ra-
dioisotope Center, Tohoku University, with a 35-MeV pro-
ton beam from an AVF-cyclotron and a beam swinger sys-
tem. The details of the experimental setup have been
described previously @12,13#. Neutron energies were mea-
sured by the time-of-flight ~TOF! technique, where neutrons
were detected by a detector array located at 44.3 m from the
target. The detectors, 23.2 l in a total sensitive volume, were
filled with organic liquid scintillator NE213. The absolute
FIG. 3. Differential cross sections for neutrons leading to the
unresolved 0.937(31), 1.042(01, IAS), 1.081(01), and
1.121(51) MeV states in 18F. The notation is the same as in Fig. 2.
902 56G. C. JON et al.efficiencies of the detectors were obtained from the
7Li(p ,n)7Be activation analyses with an error less than
66%. Errors in the absolute magnitude of (p ,n) cross sec-
tions were estimated to be less than 12%. All the targets were
enriched isotopes with enrichments better than 95%. Two
kinds of gas cell were used for the 17,18O, 22Ne, and 38Ar
targets; one of them was of a disk shape 2 cm long and 1 cm
in diameter with thin windows, and the other was of a cylin-
drical shape 20 cm long and 2 cm in diameter. The former,
filled with 400 torr gas, was used for measurements at small
angles (<35°), while the latter was used at large angles. In
the latter case, neutron detectors did not see the windows.
More details about the gas target, choice of window material,
FIG. 4. ~a! Differential cross sections for neutrons leading to the
unresolved 0.583(11) and 0.657(01, IAS) MeV states in 22Na.
The notation is the same as in Fig. 2, except that the microscopic
calculation for DJp511 is multiplied by 0.5. ~b! Differential cross
sections for neutrons leading to the 0.657-MeV IAS in 22Na. The
points with error bars ~denoted as ‘‘Data’’! are obtained by sub-
tracting the contribution of the 0.583-MeV 11 state shown by the
dashed line in ~a! as described in the text. The dotted line is the
result of macroscopic DW calculation with the best-fit parameters
for the isovector potential.and background subtraction method in particular are de-
scribed in Ref. @10#. Metallic foil was used for 25,26Mg and
42,44,48Ca. The Ca targets were fabricated by vacuum evapo-
ration. The 30Si target was 30SiO foil, while the 34S target
was prepared by evaporating the element onto enriched 12C
foil.
The overall neutron energy resolution was typically 160
keV. Figure 1 illustrates a typical excitation energy spectrum
of neutrons leading to the low-lying states in 27Si following
the 27Al(p ,n)27Si reaction. In Figs. 2–14, the angular distri-
butions of the cross section are presented. The lines in the
figures are microscopic and macroscopic DWBA predictions
described below.
FIG. 5. ~a! Same as Fig. 2, but for the 25Mg(p ,n)25Al reaction.
The calculated DJp511 cross sections are multiplied by 0.6. ~b!
Differential cross sections for the DJp501 transition leading to the
ground state of 25Al. ‘‘Data’’ are obtained by subtracting the DJp
511, 21, 31, 41, and 51 contributions from the raw data. The
dotted line shows the macroscopic DW calculation obtained with
the best-fit parameters for the isovector potential.
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FOR THE p ,n REACTION
Out of 13 target nuclei studied in the present work, pure
IAS transitions were observed in six nuclei. For the other
seven nuclei, it was necessary to subtract contributions from
unresolved peaks or those from DJpÞ01 components. In
this section, we describe the procedure of microscopic
DWBA calculations needed to extract cross sections for the
pure DJp501 Fermi-type transition from the raw data by
subtracting other contributions.
The data were first compared with microscopic DW re-
sults calculated by the computer code DWBA-74 @14#, which
includes knock-on exchange effects in an exact manner. Note
that fully antisymmetrized calculations were made in the
present microscopic DW analysis, in which non-normal par-
ity terms such as DJ(DL ,DS)51(1,0) for the 01!11 tran-
sition also contribute to the cross section. The optical poten-
tial parameters of Becchetti and Greenlees @15# were used for
the entrance channel. Those for the exit channel were self-
consistent potential parameters derived by Carlson et al. @6#.
The effective nucleon-nucleon interactions used in the
present DW analysis were those by Bertsch et al. ~M3Y!
@16#. The sensitivity of such calculations to the optical-
potential parameters is elaborated in Ref. @17#.
Spectroscopic amplitudes ~OBTD’s! for the microscopic
DWBA analysis were obtained from full sd-shell model cal-
culations @18# using the code OXBASH with the
A-dependent interaction of Wildenthal @11#. As for f -shell
nuclei, the full f p potential by Richter @19# has been used to
calculate OBTD’s in this region. Single-particle radial wave
functions used in DW calculations were generated in a
Woods-Saxon potential with r051.25 fm, a50.6 fm, and
VLS56 MeV and the depth adjusted to reproduce the binding
energy of a valence nucleon.
In Figs. 6, 9, and 11–14 experimental cross sections are
FIG. 6. Differential cross sections for neutrons leading to the
0.228-MeV IAS in 26Al. This is an example of pure IAS transitions.
The solid line shows the macroscopic DW calculation obtained with
the best-fit parameters for the isovector potential, and the dotted
line shows microscopic DW calculation.compared with DWBA predictions for the (p ,n) reactions on
26Mg, 34S, 40Ar, 42Ca, 44Ca, and 48Ca, in which the IAS is
either an isolated level or no significant closely lying transi-
tions are predicted by the shell-model calculation, or smooth
continuum backgrounds can be easily subtracted. For ex-
ample, the contribution of the 0.15-MeV 31 state in the IAS
ground-state peak in 34Cl is negligibly small as shown in
Fig. 1 of Ref. @7#. The dashed lines are microscopic DWBA
predictions for the IAS. The experimental cross sections
around the first maximum at ;30° are well explained by the
microscopic calculation, although overall shapes of angular
distributions are better reproduced by macroscopic calcula-
tions which are shown by the solid lines and will be de-
scribed later. Such a failure of microscopic calculations for
FIG. 7. ~a! Same as Fig. 2, but for the 27Al~p,n!27Si reaction.
Calculated DJp511 cross sections are multiplied by 0.5. ~b! Dif-
ferential cross sections for the DJp501 transition leading to the
ground state of 27Si. ‘‘Data’’ are obtained by subtracting the DJp
Þ01 contributions from the raw data. The dotted line shows the
macroscopic DW calculation obtained with the best-fit parameters
for the isovector potential.
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‘‘collectivity’’ of the IAS transition, namely, due to numer-
ous small components not included in shell-model calcula-
tions adding up coherently in the IAS transition especially at
large angles. Nevertheless, the IAS cross sections near the
first maximum, where only major components contribute,
have been found well reproduced by microscopic calcula-
tions @7–10#. Differences between the experimental cross
sections and microscopic DWBA cross sections around 30°
are less than 612% for sd-shell nuclei.
The IAS transition in the 18O(p ,n)18F reaction is shown
in Fig. 3. In this case the measured IAS cross sections in-
clude those to the 02, 31, and 51 states, which were not
resolved experimentally. Analysis of this reaction is detailed
in our previous paper @10#. Cross sections for the 31 ground
FIG. 8. Differential cross sections for neutrons leading to the
0.677(01, IAS) and 0.709(11) MeV states in 30P. See also caption
to Fig. 4~a!.
FIG. 9. Differential cross sections for neutrons leading to the
ground state ~01, IAS! of 34Cl. See also caption to Fig. 6.state, which was not resolved from the 0.130-MeV IAS in
38K, is small but not negligible as shown in Fig. 10.
The angular distributions for the (p ,n) reaction on 22Ne
and 30Si are shown in Figs. 4 and 8. In these cases a 11 state
which has sizable (p ,n) strength exists near the IAS. As is
well known, the Gamow-Teller-type 01!11 (p ,n) transi-
tion is quenched. Therefore measured cross sections around
the 30° maximum were fitted by the sum of calculated
01!01 and 01!11 cross sections by adjusting a normal-
ization factor for the latter. A normalization factor of 0.5 and
0.6 was found to fit the data for 22Ne and 30Si, respectively.
The angular distributions shown in Figs. 2, 5, and 7 are
those for (p ,n) reactions on odd-mass nuclei 17O, 25Mg,
and 27Al. Six components with DJp501, 11, 21, 31,
FIG. 10. Differential cross sections for neutrons leading to the
0.13-MeV IAS and ground state (31) in 38K. The dashed line with
solid triangles show calculated DJp531 cross sections for the
ground state. The notation is the same as in Fig. 2.
FIG. 11. Differential cross sections for neutrons leading to the
4.384-MeV IAS in 40K. See also caption to Fig. 6.
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5/21!5/21 transitions. Fitting the data around 30° by an
incoherent sum of DWBA cross sections for each DJp with
only a normalization factor for the DJp511 transition as an
adjustable parameter, we find a normalization factor of 1.0
for 17O, as reported in Ref. @6#, and 0.6 for 25Mg and
27Al.
For 17,18O, 22Ne, 25Mg, 27Al, 30Si, and 38Ar(p ,n), the
cross sections for the pure DJp501 transitions were ob-
tained by subtracting the microscopic contributions other
than DJp501 from the data. Typical examples thus ob-
tained for 22Ne(p ,n)22Na* ~Eexc50.657 MeV, IAS! and
25Mg(p ,n)25Al ~g.s., DJp501 component! are illustrated in
Figs. 4~b! and 5~b!, respectively. The curves are macroscopic
DWBA calculations predicted with best-fit isovector poten-
tial parameters described below. Good fits observed here jus-
FIG. 13. Differential cross sections for neutrons leading to the
2.783-MeV IAS in 44Sc. See also caption to Fig. 6.
FIG. 12. Differential cross sections for neutrons leading to the
ground state ~01, IAS! of 42Sc. See also caption to Fig. 6.tify the above-mentioned method for subtraction of other
components. These angular distributions therefore were used
as ‘‘experimental data for pure Fermi-type transitions’’ for
the parameter search described in the following section, to-
gether with six transitions in 26Mg, 34S, 40Ar, and
42,44,48Ca.
IV. MACROSCOPIC DWBA ANALYSIS AND PARAMETER
SEARCH FOR ISOVECTOR POTENTIAL
Assuming that the (p ,n) reaction leading to the IAS is
caused by the isovector potential expressed as Eq. ~3!, which
has a volume-type real part and a surface-type imaginary
part, the parameters to be determined are the potential depths
FIG. 15. Best-fit values of V1 and W1 plotted as a function of
A1/3. The solid lines indicate results of least-squares fit with errors
shown by the dotted (1s) and dot-dashed (2s) lines calculated
from error matrices.
FIG. 14. Differential cross sections for neutrons leading to the
6.677-MeV IAS in 48Sc. See also caption to Fig. 6.
906 56G. C. JON et al.TABLE I. Best-fit parameters of isovector potential or each nucleus.
Reaction
Eexc of IAS
~MeV!
V1
~MeV!
W1
~MeV!
rI
~fm!
aI
~fm!
17O(p ,n)17F 0.0 12.0061.25 6.0060.80 1.75060.050 0.45060.050
18O(p ,n)18F 1.041 11.2661.08 5.7660.60 1.56060.039 0.45160.053
22Ne(p ,n)22Na 0.657 12.1960.73 5.5960.63 1.60060.054 0.45060.055
25Mg(p ,n)25Al 0.0 12.0661.56 6.2460.87 1.58460.065 0.50060.065
26Mg(p ,n)26Al 0.228 12.6660.58 6.2760.40 1.54360.034 0.53360.036
27Al(p ,n)27Si 0.0 11.0061.50 5.8960.98 1.40360.061 0.50060.070
30Si(p ,n)30P 0.677 11.8461.22 6.5060.32 1.49360.032 0.52860.034
34S(p ,n)34Cl 0.0 12.9060.78 6.2060.59 1.42560.033 0.58060.047
38Ar(p ,n)38K 0.130 13.2760.87 6.5060.48 1.40460.023 0.66860.032
40Ar(p ,n)40K 4.384 13.9760.55 5.9060.30 1.37360.024 0.72260.029
42Ca(p ,n)42Sc 0.0 13.2060.50 6.6960.50 1.41460.029 0.70460.029
44Ca(p ,n)44Sc 2.783 15.5560.97 7.6961.02 1.41460.050 0.69960.050
48Ca(p ,n)48Sc 6.677 13.8660.93 6.3860.80 1.40060.029 0.72060.028V1 and W1 , geometrical parameters for the real part rR and
aR , and those for the imaginary part rI and aI . To reduce
the number of parameters to be fitted, the real geometrical
parameters rR and aR were fixed to those by Becchetti and
Greenlees @15#, since these are usually taken as fixed in both
entrance and exit channels when they are used in distorting
potentials. Then we carried out a parameter search with the
program IASEARCH @20# to find the best-fit parameter set to
reproduce differential cross sections for each IAS transition.
Finally, we found global relation for each parameter as a
linear function of A1/3 by a least-squares fit.
Table I lists the best-fit parameters obtained for each re-
action. The radius of the imaginary potential decreases
gradually, while the diffuseness parameter increases, as
A1/3 increases. The real potential depth V1 increases as well.
The imaginary potential depth W1 seems to be almost con-
stant in the mass region studied. These best-fit parameters are
plotted as a function of A1/3 in Figs. 15 and 16. It should be
noted that the values obtained from the ‘‘subtracted data’’ lie
FIG. 16. Same as Fig. 4, but for rI and aI .on a smooth line, confirming again the validity of the proce-
dure described before and reliability of microscopic calcula-
tions. The solid lines indicate results of a least-squares fit
assuming that all parameters are a linear function of A1/3.
Taking the diagonal and off-diagonal elements of the error
matrices, we were able to describe the A1/3 dependence of
the potential parameters as
V155.16112.461A1/3
6A5.5212231.701A1/310.5288~A1/3!2,
W154.80510.4529A1/3
6A2.6322230.8226A1/310.2590~A1/3!2, ~4!
and
r152.28920.2580A1/3
6A0.019392230.005923A1/310.001824~A1/3!2,
a1520.394010.3122A1/3
6A0.012772230.003887A1/310.001193~A1/3!2.
~5!
The dotted and dash-dotted lines in Figs. 15 and 16 indicate
values one standard deviation above and below the best-fit
value, respectively.
V. DISCUSSION
One discussion should be given on the feedback of the
isovector potential U1 to the potentials used to construct dis-
torted waves in the entrance and exit channels in the DW
analysis. These correction terms are 62U1(N2Z)1/2/A for
the proton and neutron channels, respectively, and less than a
several percent of the distorting potential strengths. Their
effects on the final results may be therefore ignored. The data
were reanalyzed by using the corrected optical potential pa-
rameters. It was indeed found that the contributions from the
correction terms were negligibly small, and the results in the
56 907ANALOG TRANSITIONS IN sd- AND f -SHELL . . .previous section are hardly changed.
In the present study, the imaginary part of U1 was taken
as free parameters, whereas the strength of this term has so
far been thought to be one half of the real part @6,15#. As
seen in Fig. 5, the A dependence of the imaginary depth is
weaker than that derived from W151/2V1 . It seems almost
constant and about 6 MeV over the mass region studied.
When we compare the present results with those of earlier
work by Carlson et al. at Ep522.8 MeV @6#, although they
do not give error estimates and furthermore they have limited
the applicable region as A>40 (A1/3>3.420), almost the
same results were obtained for the geometrical parameters
rI and aI except that the present values are less A1/3 depen-
dent. As a result of the difference in the incident proton
energies, the magnitudes of the present V1 are 20% smaller
than those of Ref. @6#.
To summarize, analog transitions have been observed at
Ep535 MeV in (p ,n) reactions on 13 target nuclei ranging17<A<48, 17,18O, 22Ne, 25,26Mg, 30Si, 34S, 38,40Ar, and
42,44,48Ca. Pure DJp501 Fermi-type transitions were ob-
served for six of them. As for the other seven nuclei, contri-
butions from mixed DJpÞ01 components or those from un-
resolved transitions were evaluated by microscopic DWBA
calculations to subtract them from the raw data and extract
pure Fermi-type transition strengths. The best-fit parameters
for the Lane-type isovector potential (V1 ,W1 ,rI ,aI) were
obtained for each transition, and then each parameter was
expressed as a linear function of A1/3. The values of V1 were
determined by the present parametrization within 63 –
65% accuracy in the mass region studied. It was found that
W1 is almost independent of A1/3.
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